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ABSTRACT
CHARACTERISTICS OF TEMPORAL AND SPATIAL VARIATION OF NDVI IN
BEIJING AND THE RELATIONSHIP WITH URBAN HEAT ISLAND EFFECT
WENYE LIANG

Vegetation is an important part of ecosystems, and the use of vegetation coverage as an
indicator to study the spatio-temporal dynamics of regional vegetation is necessary for ecosystem
health evaluation. The urban heat island effect can change the structure and functions of urban
ecosystems, and affect the climate, hydrology, atmospheric environment, and energy metabolism
of cities, as well as the health of residents. Using Beijing as a case study, this research generates
vegetation coverage maps using remote sensing imagery from 1998, 2003, 2008, 2013 and 2018.
This study indirectly analyzes the urban heat island effect through spatio-temporal changes in
vegetation cover. These analyses offer three key findings. First, vegetation coverage in Beijing
from 1998 to 2018 experienced an oscillating upward trend, indicating that the urban heat island
effect was weakening. Second, the vegetation coverage in Beijing exhibited a concentric
structure, which increased from the central area to the surrounding area, indicating that the urban
heat island effect gradually weakens from the inside to the outside of the city. Third, from 1998
to 2008, the normalized difference vegetation index (NDVI) of the areas outside the Sixth Ring
Road and inside the Third Ring Road was increasing, therefore the urban heat island effect in
these areas was weakening. Conversely, NDVI was decreasing between Sixth Ring Road and
Third Ring Road; these areas experienced an increase in the urban heat island effect.
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Introduction
Joseph Stiglitz, the winner of the Nobel Prize in Economics and a famous American
economist, believed that in the 21st century, there are two things that affect human development
and change the face of the world: the development of high-tech industries in the United States
and the urbanization of China. The number of urbanized cities in the country of China has
expanded from 132 in the year 1949 to 672 in the year 2018; the population in urban areas has
expanded from 57 million to 830 million; and the rate of urbanization has risen from 10.6% to
59.6% (Jin & Chen, 2016; Yan & Zhang, 2013). The scale and speed of urbanization are
unprecedented. The urbanization process, which took hundreds of years in Western countries,
has been completed in just a few decades in China.
The urban heat island effect is a phenomenon whereby heat accumulates in urban spaces
due to urban construction and human activities. This causes the temperature in the city center to
be significantly higher than the surrounding temperature and is among the most typical
characteristics of the climate in urban areas. During the urbanization process, a large amount of
vegetation in the city is replaced by man-made elements such as asphalt, cement, and metal,
which are largely impervious surfaces. This alters the circulation of moisture and heat between
the ground and the atmosphere, thereby promoting the urban heat island effect (Zhou, Shi, Hu &
Liu, 2011). The urban heat island can change the structure and function of urban ecosystems,
affecting the climate, hydrology, atmospheric environment, energy metabolism of the city, and
the health of residents (Xiao et al., 2005). Studies have shown that the heat islands of urban areas
lead to a temperature rise and extend the duration of heatwaves (Tan, 2008). Extreme
temperatures can cause heat cramps, heat stroke, and exhaustion (Liu, Zheng & Wu, 2008).
During summer heatwaves, increasingly higher urban temperatures may be fatal, especially for
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the elderly (Tan, 2008). Urban heat islands are increasing exponentially (Wang, Gao, & Zhuang,
2020).
With the development of remote sensing technologies, researchers have started using
imagery for retrieving land surface temperature (LST) as well as exploring the spatial
distribution of urban heat islands. The normalized difference vegetation index (NDVI) quantifies
vegetation by the measurement of the near-infrared and visible reflectance of vegetation cover,
as vegetation absorbs red light and reflects green and infrared light. Researchers use NDVI to
characterize vegetation coverage. Furthermore, researchers have established the relationship
between the NDVI parameter and LST; hence, changes in LST and NDVI indicate a
corresponding change in the effect of the heat of the urban island (Zhou et al. 2011).
This study uses the city of Beijing as a research area to indirectly analyze the status of the
effect of urban heat island effect through spatial and temporal changes in vegetation coverage.
This analysis will result in recommendations for policymakers to minimize the heat island effect
in Beijing by improving vegetation coverage.

Background
Urban Heat Island Effect
The urban heat island effect is a phenomenon in which air temperature in the center of a
city is higher as compared to the temperature in outer suburbs. On a near-surface temperature
map, the suburban temperatures are similar to the surrounding region, and urban spaces are an
area of high temperature, similar to the island that protrudes from the sea. As this island is a
representation of urban space of high temperature, this impact has been coined the ‘urban heat
island’. In the 1820s, the British meteorologist Luke Howard first demonstrated that cities are
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warmer than surrounding areas in his book, The Climate of London, by observing and comparing
the temperature of urban and suburban London (Howard, 1818). Manley later named this
concept “the urban heat island” in 1958 (Manley, 1958).

Causes of the Urban Heat Island Effect
Urban heat islands are a result of urbanization, and there are many factors that can cause
them. Through analysis of the factors that affect the heat island effect, a driving mechanism of
the development and formation of the heat island is revealed. There are four causes of urban heat
islands. The first urban heat island cause is the change of the underlying city surface. During
urbanization, a large amount of cement and asphalt replace green plants (Zhou et al., 2011).
Change in thermal properties of underlying surface forms the urban thermal environment. Under
the same heat radiation, the underlying urban surface can absorb more heat than green plants and
other previous surfaces or other underlying surfaces, and the heat will release during the night,
increasing the urban heat island effect (Yang, 2010). A second urban heat island cause is urban
air pollution. Due to the impact of human activities, a large amount of coal ash, dust, and various
polluting gases are discharged into the air. Among them, carbon dioxide, chlorofluorocarbons,
and other greenhouse gases concentrate in the atmosphere above the city as well as aggravate the
urban heat island effect (Wan, 2020). Additionally, a large amount of smoke, various greenhouse
gases, and other pollutants are discharged into the atmosphere along with man-made heat. This
forms a dust cover and an air hood, increasing the intensity of urban heat islands (Peng, Zhou,
Ye, & Su, 2005). The third cause of urban heat islands is the release of artificial heat. Due to a
dense urban population, large amounts of man-made heat generated by energy production and
living beings are emitted, playing a very significant role during the urban heat islands formation.
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Man-made emissions of heat directly lead to a rise in the amount of heat in the city, especially
during the winter and even summer. (Zhu & Wang, 2009). The fourth cause of urban heat islands
is the influence of natural conditions. The urban heat islands are generally formed when the
pressure field is relatively well-defined, the wind is calm or a slight breeze, the weather is clear,
and there is low cloud cover. The most important influencing factors for urban heat islands are
wind speed and cloud cover (Jin & Xie, 2006).

Harmful Impacts of the Urban Heat Island Effect
Harmful impacts from the effect of the urban heat island largely manifest in four key
aspects. First, heat islands of the urban can endanger the health of the residents in the urban. An
increase in hot weather causes irritability and may promote mental disturbance in residents,
severely affecting their life and work. Sustained high temperatures may also cause fatalities due
to heatstroke. In addition, residents who live in the center of the heat island for a long period of
time are susceptible to digestive or nervous system disorders (Sun, 2014). Second, urban heat
islands will increase air pollution. The heat emitted from urban surfaces forms a near-ground
heating mass, hindering the flow of urban smoke and dust and is difficult to occur (Xu, 2002).
High temperatures also accelerate the photochemical reaction rate, increasing the concentration
of ozone in the atmosphere and exacerbating atmospheric pollution (Zhu, Wei & Niu, 2013).
Third, urban heat islands will cause natural disasters in some areas. Ascending hot air currents
generated in cities meet with humid sea and land air currents, forming cumulus clouds over some
areas, causing heavy rainfall which triggers flooding in some areas and may lead to landslides
and collapsing roads (Zhu et al., 2013). Fourth, the effect of the urban heat island can cause
climatic and phenological abnormalities. These urban heat island effects impact urban plants,
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resulting in early plant germination and flowering as well as delayed leaves and dormancy
(Quenol et al., 2009). Plants are affected by the increase in winter temperatures and do not meet
the minimum requirements for effective accumulation of temperature required for germination,
thus prolonging the dormant period of and delaying the germination and flowering periods (Chen
& Zhang, 2001).

Distribution Characteristics of the Urban Heat Island
The heat island effect has three distribution characteristics: time distribution, horizontal
spatial distribution, and vertical spatial distribution.
Time Distribution Characteristics: Urban heat islands have two temporal distribution
characteristics: periodic and non-periodic changes. The periodic changes are evident in daily,
seasonal, and annual changes. The diurnal variation means that the effect of the urban heat island
is weaker in the day but stronger at night when there is no wind, and the maximum variation
occurs 2–5 h after sunset (Xie, Cui, Chen & Hu, 2006). The seasonal variation means the heat
island effect is strong in autumn and winter, and weaker in summer (Chen & Nong, 2009). The
annual cycle changes have a gradual upward trend and are related to the socio-economic
development and planning development characteristics of cities (Ge, Zhang, Wang, Tian & Feng,
2016). The non-periodic changes are affected by wind speed, cloud cover, and substratum
temperature. When the wind speed is higher, there is greater cloud coverage, the weather is more
unstable, and the substratum temperature drops. This phenomenon weakens and disappears with
a lower intensity heat island; on the other hand, the greater the intensity of the heat island, the
stronger the phenomenon (Kim & Baik, 2006).
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Horizontal Spatial Distribution Characteristics: The horizontal spatial distribution
refers to a trend in which the heat island intensities decrease gradually with distance from the
city center. The distribution of urban heat islands is related to land use patterns. It manifests in a
variety of forms such as single centers, multiple centers, linear, radial, and grid (Liu, Jiang,
Wang C., & Wang Y., 2014). In the same city, the horizontal spatial distributions of heat islands
can coexist over a long time and may also transform into other distributions under certain
conditions (Xiao et al., 2005).
Vertical Spatial Distribution Characteristics: The spatial distribution of urban heat
islands also has vertical spatial distribution characteristics. The vertical spatial distribution
includes three components: atmospheric heat island, surface heat island, and underground heat
island. Surface thermal anomalies related to the formation and development of cities result in the
heat island on the ground (surface); corresponding to the surface heat island, the thermal
anomalies above and below the ground are called the atmospheric heat island and the
underground heat island, respectively (Wang, Huang, Yamano, & Taniguchi, 2009).

Methods to Detect the Urban Heat Island Effect
Three main methods are used to study the urban heat island effect. The first method uses
suburban meteorological data and is suitable for small-scale urban heat islands; this method
largely uses data from automated weather stations. The second method is a numerical simulation,
which relies on theoretical research and is appropriate for the simulation of effects of complex
terrain and man-made heat on urban heat islands. The third method is using remote sensing and
geographic information systems (GIS) to retrieve ground temperature for studying the urban heat
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island and is suitable for periodic and dynamic monitoring change in the urban thermal
environment (Huang, Wu, Wang, Fang & Du, 2015).
Meteorological Data: The most traditional and simplest way to study urban heat islands
is using historical data recorded by weather stations to investigate changes in urban heat islands
within a city or region under different developmental processes (Lin, 2011). Time-series data
from weather stations can show the evolution of the urban heat island effect (Zhu, Tang, & Jiang,
2006). For example, data from various weather stations in the Pearl River Delta were collected
by Zeng, Qian, and Pan (2004) to study the characteristics of urban heat island intensity
annually, with inter-monthly changes as well as daily changes. Temperature data collected from
2004 to 2007 from a weather station was used to investigate the seasonal as well as daily changes
of urban heat islands (Sun, Zhou, Yu, and Gu, 2009). Using Fuzhou meteorological data, Yu,
Lin, Wang, and Ma (2009) studied changes in urban heat islands and analyzed the influence of
precipitation and wind speed on the intensity of urban heat islands.
The meteorological site method has the advantage of using accurate data, so the datarelated errors are small. However, this research method is only suitable for small-scale regional
research. In a large research area, data collection becomes difficult. The construction and
maintenance of meteorological stations are expensive, and their spatial distribution is limited.
Moreover, the distribution of meteorological stations has a great impact on the data. Due to the
low density of meteorological stations, the results of an urban heat island study may differ by
selecting different meteorological stations (Yang, 2010).
Numerical Simulation: The method of data simulation is to establish a mathematical
model to simulate the effect of urban heat islands. Numerical simulations include the regional
atmosphere model system (RAMS), advanced regional prediction (ARPS), mesoscale model
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version 5 (MM5), weather research and forecasting (WRF), as well as other models (Ye, Jiang,
& Huo, 2014). The MM5 model was used to simulate the influence of the autumn urban heat
island and pollutant diffusion in Tianjin and successfully made use of the three-dimensional
structure of the flow field in urban temperatures (Han, Meng, Tong, Li X., & Li Y., 2009). Yang,
Xu, and Weng (2003) also applied MM5 to simulate the changes in the Beijing urban heat island
in winter. Simulations were represented by Streuter's Gaussian model, Minhalakakou, and other
artificial neural network models.
The numerical simulation method is based on theoretical research, which reduces the
need for numerous field observations. It can theoretically determine the mechanisms
underpinning urban heat island generation and development; however, in reality, urban heat
islands are complex and variable depending on local conditions (Li, Zhang, Cheng, Zhao, &
Tian, 2012). Numerical simulation models are generally not universal and require simulation of a
certain proportion of observed data. However, on-site observation test conditions are also not
easy to control and cannot represent the actual complexities of an urban environment. General
statistical and energy balance models can only investigate influencing factors from a macro
perspective and may not reflect the process of multiple factors in time and space.
Remote Sensing and GIS Methods. The measurement and analysis of remote sensed
imagery uses thermal infrared sensors to observe the large-scale urban surface temperatures. It
then obtains the spatial distribution of surface heat through calculation, interpretation, and
analysis. With advancements in science and technology, remote sensing technology offers a new
method for research into urban thermal environments (Tian, 2006). Based on remote sensing
imagery, a large portion of the analysis of the effect of the urban heat island may be conducted
on the study area. At present, methods based on temperature, vegetation index, and thermal
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landscapes are mainly used to investigate the phenomenon of urban heat islands (Li, Gong, Hu,
Yin, & Kuang, 2009), among which the former two are widely used. Many researchers have
analyzed and studied the phenomenon of urban heat islands in large cities undergoing rapid
urbanization, such as Beijing, Shanghai, and Wuhan (Xie et al., 2006, Zhu et al., 2006, Jiang et
al., 2006). They discovered that heat islands were evident in each city, particularly during the
winter, and the areal change characteristics and direction of urban spatial development were
similar. The main influencing factors of urban heat islands included the dense urban population,
the complexity of land-use types within the city, anthropogenic heat released by industries, and
the ratio of surface water area to vegetation (Gong, Li, Wang, Chen, & Hu, 2005, Wang, et al,
2006, Zhang, Bao, Yu, Ma, 2012). Remote sensing technology is less restricted by ground
conditions and can acquire high-resolution data within a short period.

Normalized Difference Vegetation Index
Vegetation is a common feature across the surface of the Earth, and the quality of
coverage in the vegetation has a close relationship to the quality of the ecological environment.
In general, the vegetation coverage rate has increased substantially, and the ecological
environment is getting better and better (Zhang, Wu, & Zhao, 2011). Therefore, vegetation cover
has always received considerable research attention. At present, changes in vegetation cover may
be quickly measured through large-scale and high-time-resolution remote sensing satellite
imagery. The changes in vegetation coverage and other factors, such as the ecological
environment, can be quantitatively characterized by the combined calculation and inversion
indicators of different band spectra. Therefore, vegetation coverage research has become a
significant application of the technology of remote sensing (Cheng, Zhang, & Chen, 2008).
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The data sources for monitoring vegetation-cover changes include the National Oceanic
and Atmospheric Administration Advanced Very High-Resolution Radiometer (NOAAAVHRR), Landsat Thematic Mapper (Landsat-TM), Terra-Aqua-Moderate Resolution Imaging
Spectroradiometer (MODIS), and Satellite Pour l’Observation de la Terre-VGT (SPOT-VGT).
There are also multiple vegetation indices using remote sensing data, including NDVI, advanced
normalized vegetation index, enhanced vegetation index, and ratio vegetation index (Kundu et
al., 2018; Ren & Feng, 2015; Sha & Bai, 2012). The NDVI is currently the most widely used
vegetation index.

Principle of NDVI
Tissues in a plant leaf absorb blue light (470 nm) and red light (650 nm) and reflect
infrared and green light. Sponge tissue in the center of the leaf as well as tissue at the back of the
leaf reflect near-infrared radiation (NIR) that ranges from 700–1000 nm. The higher the
vegetation cover, the lower the red light reflection and the greater the reflection of near-infrared
light. Absorption of red light (R) rapidly reaches saturation, whereas near-infrared light
reflection rises with vegetation coverage. Hence any mathematical transformation which boosts
the red light and NIR differences may be used as a vegetation index to describe vegetation
conditions. The calculation of the NDVI is as follows:
𝑁𝐷𝑉𝐼 =

𝑁𝐼𝑅 − 𝑅
𝑁𝐼𝑅 + 𝑅

The value range of NDVI is between -1 and 1, where a value with a negative sign indicates that
ground cover is cloud, water, snow, and so on; 0 shows the presence of rock and bare soil; a
value with a positive sign shows the presence of vegetation coverage, and the value of NDVI
increases with vegetation coverage (Drisya & Roshni, 2018, Choubin et al., 2019).
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Application of the NDVI
As one of the most practical indicators for monitoring spatio-temporal changes in
vegetation cover, NDVI has the advantage of eliminating errors caused by external factors, such
as topography and partial radiation. Therefore, it is used to study land cover, measure vegetation
temporal changes and related factors, conduct ecological simulation, and implement dynamic
monitoring of vegetation.
Research on Land Cover: Different NDVI values correspond to different types of land
cover, enabling large-scale land cover classification. For example, Tucker, Townshend, and Goff
(1985) classified land cover of arid regions of Africa using NOAA-AVHRR data. Combining
field observations to verify the vegetation coverage estimation method of the NDVI can improve
accuracy. Xia, Zhang, Li, and Qiao (2006) used NDVI data and quantitative remote sensing
model to extract vegetation coverage grade maps in a farming-pastoral ecotone in Yanchi
County, Ningxia. They compared and analyzed vegetation coverage maps in 1989, 1999, and
2003, identified the changes in vegetation coverage, and provided suggestions to control local
desertification. Zhang, Xu, Gu, and Pan (2003) used the NOAA-AVHRR decadal data, the
NDVI, and climate and hydrological datasets from 1992 to 1996 to analyze the correlation
between NDVI and climate as well as hydrological factors in an oasis and evens a desert. They
found that the NDVI of an oasis and a desert experienced different seasonal changes.
Research on NDVI Time Series and Factors Analysis: As a vegetation index, the
NDVI can be calculated for time series, which is convenient to study vegetation or land-cover
dynamics and research vegetation change-related factors. Piao et al. (2011) studied vegetation
cover changes in the cold temperate zone of Eurasia from the year 1982 to 2006 based on
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GIMMS NDVI data and found that changes in the NDVI of Eurasia had clear phases. At present,
the most researched topic has been the correlation between NDVI time-series changes and other
ecological factors; these factors are mainly climatic factors such as precipitation and
temperature. Piao and Fang (2001) analyzed dynamic changes of the vegetation in China from
1982 to 1999 based on NOAA-AVHRR data. The results revealed that NDVI values in the
northwestern region and the Qinghai–Tibet Plateau were significantly affected by climate
fluctuations, and the NDVI in eastern China had generally increased. Weiss, Gutzler, Coonrod,
and Dahm (2004) used NDVI time-series data to study vegetation communities in six semi-arid
environments in New Mexico, United States. They found that there were two peaks of NDVI
each year in spring as well as summer, which correspond to the plant growth’s peak period;
NDVI values for six plant communities were more spatially heterogeneous in spring. In addition,
the NDVI variability was consistent with the changes in precipitation affected by monsoons and
El Niño (Weiss et al., 2004).
Research on ecological simulation: Exploring the relationship between NDVI and
ecological processes may be used in ecological simulation research. Ma (2003) simulated the
change of vegetation cover in Northwest China from the year 1981 to 2001 using Pathfinder
NDVI data. The results revealed that vegetation cover had generally degraded over the past 21
years. Karnieli et al. (2006) studied relationships between biological soil crusts of soil (BSC),
spectral reflectance as well as photosynthetic activity in northwestern Negev Desert, Israel. They
found that the NDVI was a useful indicator of the potential magnitude and capacity of BSC
assimilation activity, and the index corresponded well with various rates of photosynthetic
activity for various types of microphytes (Karnieli et al., 2006).
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Research on Dynamic Monitoring: Satellite remote sensing imagery has wide coverage
and offers the rapid acquisition of information; hence, this method has become an effective
means of dynamic monitoring. Myneni et al. (1997) were the first to use remote sensing data to
study large-scale vegetation coverage. By applying two different NDVI products, they
dynamically monitored the vegetation coverage in the Northern Hemisphere from 1981 to 1991
and concluded that vegetation activity between 45°–75°N tended to increase. In addition,
applying NDVI to the monitoring of forest fire may make up for the insufficiency of geographic
information systems and lead to accuracy improvement, timeliness as well as forest fire
monitoring reliability (He & Yi, 1997).

Relationship Between the Urban Heat Island Effect and the NDVI
In the 21st century, an increasing number of researchers in landscape ecology, botany,
and agriculture fields have begun to focus on urban heat islands. Quantitative analysis of a
relationship that exists between green spaces and urban heat island effects also commenced, with
a series of research results. Many studies show a negative correlation between surface
temperature and NDVI. Hung et al. (2006) studied a relationship that exists between NDVI and
LST in Pyongyang, Tokyo, Seoul, Beijing, and Shanghai and found that the two parameters were
negatively correlated in all cities. Stabler, Martin & Brazel (2005) found that the temperature of
Phoenix, Arizona, was negatively correlated with NDVI, and the temperature of commercial and
industrial land was higher than that of agricultural and residential land. Ke and Mei (2010) found
a close relationship between the thermal environment in southern Guangzhou and its
topographical features. The distribution of urban thermal environment correlates with the
distribution of urban construction and NDVI; this distribution is predominantly linear with
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NDVI. A negative correlation signifies that the surface temperature decreases as the NDVI
increases. Urbanization and diminishing green spaces are factors that change the distribution of
urban heat islands. From an ecological perspective, the potential to improve the urban thermal
environment by establishing urban dotted green islands and belted ecological corridors has been
proposed. Wu, H., Wu, Z., and Wu, W. (2010) found a negative correlation that exists between
ground brightness temperature and vegetation coverage. Urban expansion and the construction of
industrial areas are the main driving forces underpinning the effect of the urban heat island.
Increasing greening and vegetation coverage are very effective measures to alleviate the urban
heat island effect. Jiang, Chen, and Li (2006) showed that the surface temperature of urban
centers in Beijing was notably higher as compared to suburban areas. A comparative analysis of
surface temperature has shown that the average temperature of the surface in urban regions is 4.5
and 9 °C higher as compared to the near suburbs and remote suburbs, respectively. The effect of
the urban heat island is also noticeable, and surface temperatures of various surfaces in urban
areas were also significantly different. The urban surface temperature and NDVI were
significantly negatively correlated; the low coverage of urban surface vegetation is the primary
cause of the emergence of heat islands of the urban.
Based on the relevant literature of the study on the relationship between vegetation
coverage and heat-to-effect, there is a negative correlation between vegetation cover and the
intensity of the urban heat island effect. According to the MODIS remote sensing data in Beijing,
this paper analyzes the distribution and variation of Beijing's NDVI on different time and spatial
scales, discusses the correlation between NDVI and urban heat island effect, deliberates the
influence of urban vegetation coverage on urban heat island effect, and gives some
recommendations for urban planning and development.
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Methods
Study Area
Beijing is the capital of the People's Republic of China, the country's political and
cultural hub, a world-renowned ancient city, and a modern international community. Beijing
spans a total area of 16411 km2 and is located at 115.7°–117.4° E longitude and 39.4°–41.6° N
latitude. With a population of 21.54 million, Beijing is in the northwestern portion of the North
China Plain, with higher elevation to the northwest and low terrain to the southeast. Mountains
surround the city to the west, north, and northeast, with a plain to the southeast that gently slopes
toward the Bohai Sea. The elevation of the Beijing Plain is 20–60 m, and the elevation of the
mountains is generally 1000–1500 m; the highest point is at 2303 m on Dongling Mountain.
The region has a mild temperate monsoon climate that is semi-humid and semi-arid.
Summers are hot and rainy, winters are cold and dry, spring and autumn are brief, and
precipitation is unevenly distributed over the seasons. About 80% of the annual precipitation
falls during the summer months. (Wang, Zhao, Gong & Bai, 2015). The land use in Beijing is
mainly forest in the west, north, and northeast; cultivated land in the southeast; and high-density
development in the urban center and its surrounding areas. In 2019, the forest greening rate of
the city had reached 62.0%, an increase of 0.5% from 2018.
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Figure 1 Location Map of Beijing

Data Sources
NDVI data were collected from the Chinese Academy of Sciences' Resource and
Environmental Science Data Center, and ArcGIS software was used to customize the Beijing
administrative borders in order to collect Beijing NDVI data from 1998 to 2018. Data were
obtained for 1998, 2003, 2008, 2013, and 2018. The NDVI accurately reflects the on-ground
vegetation coverage. NDVI time-series data based on SPOT-vegetation and MODIS are now
widely used for tracking vegetation dynamic changes, detecting land-use or land-cover
transitions, classifying macro vegetation cover, and estimating net primary productivity. The
annual NDVI spatial distribution dataset was generated using SPOT-vegetation NDVI satellite
remote sensing data in a continuous-time sequence. The dataset accurately represented the
distribution and shift in vegetation coverage across the country on both spatial and temporal
scales. It also served as an effective focal point for monitoring vegetation change and the
efficient usage of vegetation resources.

Maximum Synthesis
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NDVI has an obvious pattern of seasonal changes, which is consistent with the seasonal
changes in plant growth (Piao et al., 2003). This article will use the maximum synthesis method
to synthesize the annual data NDVI. The maximum composite value refers to finding the highest
pixel values from several images to generate a new image. Selecting the maximum value of
NDVI in the current year as the annual value of NDVI can better highlight the characteristics of
vegetation distribution. The largest composite value was used to generate the spatial distribution
map of NDVI from 1998 to 2018.

Trend Analysis
The trend analysis method was used to analyze the changes in NDVI in Beijing from
1998 to 2018. NDVI trend values were calculated pixel by pixel in ArcGIS software. The
calculation formula is as follows:
𝜃=

(𝑛 × ∑𝑛𝑖=𝑖 𝑖 × 𝑁𝐷𝑉𝐼𝑖 ) − (∑𝑛𝑖=1 𝑖 ∑𝑛𝑖=1 𝑁𝐷𝑉𝐼𝑖 )
𝑛 × ∑𝑛𝑖=1 𝑖 2 − (∑𝑛𝑖=1 𝑖 )2

where, 𝒏 is the length of the time series studied (21 years); i is the year number; 𝑵𝑫𝑽𝑰𝒊 is the
NDVI value of the growing season in the ith year; and 𝜽 is the slope of the NDVI change for each
pixel, where a positive θ signifies that the NDVI was increasing during the time series and the
reverse is a decreasing trend (Huang, Yang, & Feng, 2019).

Grade of NDVI
The NDVI grading can more intuitively reflect the vegetation cover, while at the same
time easy to compare and analyze. Depending on the difference between the 5-year extreme
value and the extreme value, the NDVI will be divided into 5 levels.
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Difference Value Method
The differential method was used to calculate and analyze the trend of NDVI change in
Beijing every 5 years from 1998 to 2018. The calculation formula is as follows:
𝑁𝐷𝑉𝐼 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑁𝐷𝑉𝐼𝑖+5 − 𝑁𝐷𝑉𝐼𝑖
where i is the year number; 𝐍𝐃𝐕𝐈𝐢 is the NDVI value of the growing season in the ith year;
𝑵𝑫𝑽𝑰𝒊+𝟓 is the NDVI value of the growing season in the i+5th year; a positive NDVI value
indicates an increase in vegetation coverage and vice versa.

Buffer analysis
The buffer analysis method was used to analyze the Beijing NDVI change trend from
1998 to 2018. With Tiananmen as the center, 1000m is made with a radius, and 134 buffer zones
are produced from the inside out to cover the whole of Beijing. The NDVI means of the different
buffers of the five phases was calculated according to the following formula:
̅̅̅̅̅̅̅̅
𝑁𝐷𝑉𝐼 =

∑𝑁
𝑖=1 𝑁𝐷𝑉𝐼𝑖
𝑁

where i is the number of the pixel; N is the total number of pixels.

Dynamic Characteristics of Vegetation Cover
The boundaries of Beijing administrative districts was digitized to generate a boundary
map including 16 administrative districts and generate a temporal vegetation coverage map.
Similarly, the boundary map of the main arterial road loops in Beijing were used to generate a
corresponding temporal vegetation coverage map. Estimates of the average vegetation coverage
in different time phases under the two dynamic characteristics were analyzed.
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Results and Discussion
Inter-Annual Trends
The time series of inter-annual NDVI visually represents the growth of vegetation over
an extended period and predicts the growth trend of vegetation. Figure 2 presents the interannual NDVI, in which the curve represents the inter-annual variation of NDVI, and the straight
line is the trend line of inter-annual variation of NDVI. Simple linear regression confirmed a
highly significant upward trend in NDVI over time (p-value <0.001), although the slope is
relatively low, indicating an average increase of 0.002 per year.

Figure 2 Inter-Annual Changes in the NDVI

Based on Figure 2, it may be concluded that from 1998 to 2018, the vegetation coverage
in Beijing experienced an oscillating upward trend, and the ecological environment was
generally improving. Peak NDVI values were observed in 1998, 2001, 2004, 2006, 2008, 2012,
and 2017; vegetation coverage was highest in 2008 (0.7521). This peak may have been because
of the large-scale greening in Beijing that was introduced to welcome international visitors to the
Olympic Games. Following this maximum in 2008, coverage drastically decreased to 0.7166 by
2010. Minimum NDVI values appeared in 2000, 2002, 2005, and 2010; among them, the average
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vegetation coverage in 2002 was the lowest at 0.6948, and vegetation coverage had increased to
0.729 during the 2002–2004 period.
As the capital of China, the ecosystem and environmental conditions in Beijing have
undergone profound changes under the management of high-intensity human activities. From
2000 to 2009, Beijing went through the preparation to host the 29th Summer Olympic Games.
Under the guidance of a series of green concepts, human factors have reached a higher level of
vegetation intervention.
The slope of the change method was used to analyze the long-term NDVI trend (Table 1).
Taking 0 as the node of increase and decrease of NDVI and combined with natural breaks
(Jenks) classification, the regions were divided into five areas: extremely significant decrease,
significant decrease, insignificant decrease, considerable increase, and an extremely significant
increase. The significant increase area was the highest with 11499 pixels, which constituted
70.33% of the total number of pixels. The second-largest area spanned 3224 pixels in the
significant decrease area (19.72%). The insignificant decrease area spanned 1384 pixels, which
was 8.47% of the total number of pixels. The number of pixels in the extremely significant
decrease area (221) was approximately 10 times that of its extremely significant increase
counterpart (21) (1.35% versus 0.13%).

Table 1 Statistics of Variation Trend Partition
Classification
Number of pixels
Extremely significant decrease
221
Significant decrease
3224
Insignificant decrease
1384
Significant increase
11499
Extremely significant increase
21
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Proportion
1.35%
19.72%
8.47%
70.33%
0.13%

When looking at the NDVI shifts from a spatial perspective (Figure 3), it becomes clear
that the growing vegetation coverage area is mostly separated into areas beyond the Sixth Ring
Road and areas within specific Third Ring Road. Outside the Sixth Ring Road is a suburban area
with relatively little construction. Alongside the increase in the awareness of environmental
protection in Beijing during this period, greening had increased. The most evident increase
occurred in the area around the Miyun Reservoir, which is located northeast of Beijing. The
Miyun Reservoir is the largest and only source of drinking water in Beijing. By the mid-1980s,
two-thirds of the Miyun had become a water source protection area. In 1985, Beijing
promulgated the “Two Reservoirs and One Canal Protection Regulations” stipulating that any
projects other than water conservancy projects within the Miyun Reservoir watershed were
prohibited (Zheng & Jia, 1998). Within a short period of time, more than 50 companies were
closed and more than 80 projects under construction were shut down. By 2011, to ensure that the
Miyun Reservoir was protected, Miyun District also proposed the “six protection” measures to
protect water, rivers, mountains, forests, land, and the overall environment. To ensure the
environmental safety of the reservoir area, Miyun District built a 398-km fence to limit access to
the reservoir. The area within the Third Ring Road has already been used for construction, and
the construction scale and pattern have been established. The areas experiencing decreases in
vegetation coverage were mainly distributed outside the Fourth Ring Road, mainly because this
was within the rapidly expanding area of Beijing between 1998 and 2018. The area where
vegetation has increased significantly in the outskirts of the southwestern plains may be linked to
the construction areas of the "Three Norths" shelterbelt, the grass sowing and sand cover project,
and the plain sand control project (Zhang, 2020). These projects mainly focus on afforestation,
planting shrubs, planting grasses, increasing the area of forest land, and transforming bare sandy
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land. The significant increase in vegetation in mountainous areas mainly occurs in the northeast
areas, which are mostly hilly belts below 350 m above sea level. Afforestation and forestry
tending projects have been strengthened. Based on the administrative divisions, urbanization in
Beijing was mainly concentrated in the districts and counties of Haidian, Chaoyang, Fengtai,
Tongzhou, Shunyi, and Changping before 2000 (Wu, Tang, Cui & Fang, 2006). With the
advances in urbanization, urban construction has expanded to the development of new areas
which resulted in a significant reduction in vegetation coverage between the Fifth and Sixth Ring
Road.

Figure 3 Changes in NDVI

Spatial Variation in Vegetation Cover

Overall Spatial Change
Figure 4 is the vegetation coverage map of 4 different time phases in the study area. The
spatial distribution map of NDVI from 1998 to 2018 was generated using the maximum value
synthesis method (Figure 5). From a spatial perspective, high NDVI areas were concentrated on
the Fifth Ring Road of Beijing. This area is the most densely constructed area in Beijing and is
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an urban built-up area. There are also sporadic high NDVI areas elsewhere, mainly in built-up
areas in the suburban counties of Beijing. The low NDVI areas were concentrated in the eastern
and northern suburbs of Beijing outside the Fifth Ring Road. This area is distributed across
mountains, such as the Yanshan, Jundu, and Xishan mountains. Beijing is an area that was
developed considerably early in the history of China. After a long period, the area of arable land
in Beijing has decreased and has been built into urban villages (Wu, Lu, & Wang, 2004).
However, due to the high development cost of mountainous areas, the vegetation is well
preserved. Since 1998, China has entered a period of rapid urbanization, which has prompted the
rapid expansion of cities. As flat plains are suitable for construction, urban expansion was
directed toward the plains in the southeast, resulting in a low NDVI.
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Figure 4 The NDVI Values in Beijing
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Figure 5 Spatial Distribution Map of NDVI

Hierarchical Spatial Distribution
Five years (1998, 2003, 2008, 2013, and 2018) were selected to divide the NDVI into
five grades: 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0, which depends on the extreme values
for 5 years and the difference between the extreme values.
Table 2 and Figure 6 show the number of pixels in the five levels of NDVI in 1998.
Among them, 0.6–0.8 accounted for the largest proportion, indicating that there was a relatively
large area with high coverage. Although urban construction in Beijing had accelerated in 1998,
the city had also experienced a series of slow development stages, thereby retaining an improved
ecological base. In 2003, 0.6–0.8 accounted for the largest proportion of the number of pixels in
the five levels of NDVI was 10476, which, indicating a larger portion of the area with high
coverage. However, the pixel number in that level had decreased, the conversion and
development speed had accelerated, and ecological land such as farmland had been continuously
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diminished. This led to a significant reduction in high-coverage areas. In 2008, the 0.8–1.0 level
accounted for the largest proportion of the number of pixels of NDVI was 7466. At this stage,
the Beijing Olympics had characterized the city with one and two-level constructions and urban
expansion, there was increasing awareness of environmental protection in the subsequent period.
There were also stricter protections of the surrounding ecological areas which led to a significant
increase in high coverage areas. The largest number of pixels of the 2013 NDVI at the five levels
was 7685 in the 0.8–1.0 level; the vegetation coverage of high areas increased significantly. In
2018, 0.8–1.0 still accounted for the largest proportion in the five levels of NDVI. Areas with
high vegetation cover had increased further from 2013. Since early 2012, the Beijing Municipal
Party Committee and Municipal Government have carried out an afforestation project of one
million acres in the plain area. At the end of 2017, Beijing has successfully afforested 780 km2 of
plains, planted more than 60 million trees, and established new forest land. There were 10648
landscape patches, and the forest coverage in the plain area had increased by 12.69% (Chian
Daily, 2018). The Beijing municipal government also stepped-up greening efforts to
continuously promote the construction of forest wetlands. These results show that increasing
awareness of environmental protection and stricter protections of the surrounding ecological
areas had led to a significant increase in high vegetation coverage areas.
Table 2 NDVI Values of Different Grades
NDVI
1998
2003
2008
0-0.2
10
0
0
0.2-0.4 425
585
369
0.4-0.6 766
1692
1355
0.6-0.8 13677
10476
7161
0.8-1.0 1473
3598
7466

2013
0
365
1876
6425
7685

2018
11
552
2416
5147
8225
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Figure 6 Spatial Distribution Map of NDVI Classification
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Spatial Differences
Spatial differences in NDVI changes were analyzed by calculating the difference between
NDVIs from consecutive dates in the time series, as well as from the beginning to the end of the
time series (i.e., 1998–2003, 2003–2008, 2008–2013, 2013–2018, and 1998–2018). Table 3 and
Figure 7 show the number of pixels with four levels of NDVI difference <-0.2, -0.2–0, 0–0.2,
and >0.2 from 1998 to 2003. The -0.2–0 range accounted for the largest proportion, indicating
that there were more areas with a slight NDVI decrease during this period. For the 2003–2008
NDVI difference, 0–0.2 accounted for the largest proportion in the four levels, indicating that
areas experiencing a slight increase in vegetation coverage were dominant. Again, during this
period, Beijing underwent extensive development and construction to welcome guests to the
Olympic Games. For the 2008–2013 NDVI difference, -0.2–0 had the largest proportion in the
four levels, indicating that areas experiencing a slight reduction in vegetation coverage were now
dominant, and urban development was growing rapidly. For the 2013–2018 NDVI difference, 0–
0.2 accounted for the largest proportion in the four levels, indicating a slight increase in most
areas. Overall, the number of pixels in the four levels of NDVI difference (i.e., <-0.2, -0.2–0, 0–
0.2, >0.2) from 1998 to 2018 were 875, 5086, 10234, and 156, respectively, indicating that most
of the city experienced a slight increase in NDVI. As the awareness of environmental protection
has increased and there have been stricter protections of the surrounding ecological areas,
traditional built-up areas make full use of scattered land for greening activities.
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Table 3 Inter-Annual Changes in NDVI
NDVI
1998-2003 2003-2008 2008-2013
<-0.2
170
5
15
-0.2-0
9268
2220
9252
0-0.2
6860
14104
7079
>0.2
53
22
5

2013-2018
123
6178
10010
40

Figure 7 Spatial Distribution Map of NDVI difference
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1998-2018
875
5086
10234
156

Concentric Partition Difference
To characterize the expansion of urban space, researchers have proposed three theories:
concentric circle, sector, and multi-core theories. Among them, the continuous development of
urban space corresponds to the concentric circle and sector theories. The continuous
development of urban space has been criticized by the public as a “spreading pancake” model,
which means urban expansion from the center to the suburbs. From the perspective of the
expansion of urban space, the expansion of each city adopts some combination of the above three
modes; there is no city that adopts one mode in isolation (Morabito et al., 2021). However,
Beijing mainly adopts a single-core concentric spatial structure. Relevant studies have shown
that the spatial distribution of the population in Beijing presents a stronger trend of centripetal
polarization and concentric circles (Meng & Tang, 2015). Urban expansion shows a concentric
circular trend spreading outward. To comprehensively analyze the impact of the concentric circle
expansion on vegetation coverage, this study is centered on Tiananmen Square with radii
expanding at 1000 m intervals. A total of 134 buffer zones were established from the inside to
the outside to cover the entirety of Beijing City. The average NDVI values for the different
buffer zones in 1998, 2003, 2008, 2013, and 2018 were calculated; then, the spatial changes of
NDVI were analyzed.
Figures 8 and 9 demonstrate that the spatial distribution of NDVI in the 1–26 buffer zone
rapidly increases the average NDVI, and the 27–134 buffer zone changes smoothly. These
results indicate that the impact of urban expansion on vegetation coverage changes decreases
with an increase in the distance from the core area. Thus, the impact has a boundary; the
peripheral areas were less affected by urban expansion with clear fluctuations.
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Figure 8 Average NDVI Values for Different Buffers Across Five Different Years
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Figure 9 Average NDVI for Different Buffers in Five Different Years

Beijing's urban growth had resulted in the development of six rings. This report divides
the territory beyond Second Ring Road, the territory between the Second and Third Ring Roads,
the territory found between the Third and Fourth Ring Roads, the territory between the Fourth
and Fifth Ring Roads, territory found between the Fifth and Sixth Ring Roads, and territory
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beyond the Sixth Ring Road. The average NDVI for each different ring belt was determined for
1998, 2003, 2008, 2013, 2018, and then the spatial changes in NDVI were analyzed.
Figures 10 and 11 show that the NDVI of the six rings increases from the inside-out. The
low-value area was beyond the Second Ring Road, between the Second and Third Ring Roads,
and between the Third and Fourth Ring Roads, where the NDVI did not increase much. The
NDVI, on the other hand, had been increasingly growing in an area found between the Fourth
and Fifth Ring Roads, between the Fifth and Sixth Ring Roads, and beyond the Sixth Ring Road.

Figure 10 Zonal Map of Six Defined NDVI-related Rings in Beijing
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Figure 11 Average NDVI in Five years for the Six Different Rings

From 1998 to 2003, the average NDVI of the six rings showed a downward trend. The
area between the Fifth and Sixth Ring Roads saw the largest decrease, down from 0.6691 to
0.5740, a 14% drop. The NDVI in between the Fourth and Fifth Ring Roads fell by 13.95
percent, from 0.4723 to 0.4064. From 2003 to 2008, the average NDVI of the six rings showed
an increasing trend. Among them, the largest increase in NDVI was in the area between the
Third and Fourth Ring Roads, where the NDVI increased from 0.3092 to 0.3750. This was
followed by the area between the Fourth and Fifth Ring Roads, which increased from 0.4064 to
0.4678. From 2008 to 2013, the average NDVI of the six rings had changed. The NDVI in the
Second Ring Road sector, the part between the Second and Third Ring Roads, and the area
between the Third and Fourth Ring Roads all increased, while the NDVI between the Fourth and
Fifth Ring Roads, between the Fifth and Sixth Ring Roads, and beyond the Sixth Ring Road all
decreased. The average NDVI of the six rings had adjusted again between 2013 and 2018. The
NDVI in the Second Ring Road sector, the area between the Second and Third Ring Roads and
between the Third and Fourth Ring Roads all increased, while the NDVI in the area between the
Fourth and Fifth Ring Roads, between Fifth and Sixth Ring Roads, and beyond the Sixth Ring
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Road all decreased. Between 2013 and 2018, the average NDVI of the six rings changed once
more. The NDVI in the Second Ring Road zone, as well as the areas between the Second and
Third Ring Roads, Third and Fourth Ring Roads, Fourth and Fifth Ring Roads, and Fifth and
Sixth Ring Roads all had an increase, while the NDVI beyond the Sixth Ring Road decreased.
From the perspective of the changes in different years of each ring zone, the average
NDVI within the Fourth Ring Road from 1998 to 2018 decreased except in 2003, whereas it was
increased in the other years. This is because the area within the Third Ring Road was an
important area for urban development in this period of time, and there were a large number of
construction projects. Since 2000, particularly in the 2000–2009 period, Beijing was undergoing
preparations and hosting of the 29th Summer Olympics. Under the guidance of a series of green
concepts, Beijing has continuously strengthened the environmental improvement of traditional
built-up areas and established small parks. After the demolition, the vacated space was used to
rebuild and upgrade the existing green space, to increase green space based on the premise of the
‘do not waste an inch of land, as much as possible to increase green space’ philosophy. Between
the Third and Fourth Ring Roads and between the Fourth and Fifth Ring Roads, the average
NDVI decreased from 1998 to 2003, mainly because of large-scale urbanization in Beijing
superimposed with the Olympic Games. With further urbanization, the construction of the city
had expanded to new development areas. By April 2003, the vegetation coverage between the
Fourth and Fifth Ring Road had been significantly reduced. Although there was an overall
growth in vegetation coverage from 2003 to 2018, it did not exceed the 1998 vegetation coverage
level until 2018. The average NDVI between the Fifth and Sixth Ring Roads was decreasing,
mainly because of the gradual expansion of the urban built-up area in Beijing within this ring.
Outside the Sixth Ring Road, a wave-like upward trend was evident. This is mainly due to the
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increased awareness of environmental protection and the designation of many ecological
protection areas in the surrounding city or basic farmland protection areas; hence, vegetation
coverage generally shows a healthy upward trend.

Changes in Different Administrative Areas
The changes in NDVI in different administrative regions from 1998 to 2018 were
analyzed by calculating the average NDVI in various districts of Beijing in different years.
Figure 12 shows a positive NDVI difference in Mentougou, Huairou, Miyun, Yanqing, Xicheng,
Dongcheng, Fangshan, Shijingshan, Pinggu, and Changping districts. This indicates that the
vegetation coverage in these areas has increased. Among them, Dongcheng and Xicheng districts
are traditional central urban areas, and green spaces increased based on the “do not waste an inch
of land, as much as possible to increase green space” initiative (Qu, 2019). The remaining areas
were suburbs. The government increases vegetation coverage through forestation and other
ecological restoration initiatives. In Fengtai, Haidian, Chaoyang, Shunyi, Daxing, and Tongzhou
districts, the average NDVI was decreasing due to construction for urban expansion. Due to the
Olympic Games, Chaoyang District carried out extensive development and construction, thereby
decreasing vegetation coverage. Shunyi, Daxing, and Tongzhou districts were new urban areas
where green space was converted into commercial and residential areas, resulting in decreased
vegetation coverage. In Tongzhou District, the relocation of the Beijing Municipal Government
led to soaring housing prices. This increased demand for residential and commercial areas,
resulted in a rapid decrease in green space, thereby causing a decline in vegetation coverage.
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Figure 12 Difference in the NDVI Between 1998 and 2018 in Different Administrative
Regions of Beijing

Figure 13 Map of Beijing

Beijing adopts a concentric structure from the city center to the mountains. The
functional core area of the capital has the highest level of urbanization and the lowest vegetation
coverage. The surrounding ecological conservation protection zone has the lowest urbanization
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and the highest vegetation coverage. This feature is consistent with a significant increase in the
distribution of NDVI values; that is, the proportion of pixels with high NDVI measurements
increases sequentially from the city center. However, based on the ratio of NDVI trend pixels
within each planning area, there is also evidence of other trends. The proportion of vegetation in
the capital functional core area and the urban function expansion area has significantly increased,
although the urban development of new areas and proportion of protected ecological
conservation areas is lower. Areas with significantly reduced vegetation were mainly
concentrated in new urban developments. This area is positioned as an important area for
manufacturing agricultural bases and the evacuation of industries and the population residing in
the city center; this area also experienced the most intense urbanization process in Beijing.
Research on the land cover shows that the urbanization process in Beijing radiates from the city
core to its surrounding area. Its intensity gradually weakens with increasing distance from the
core. Before 2000, it mainly occurred in Haidian, Chaoyang, Fengtai, and Tongzhou districts.
Shunyi and Changping districts, along with other areas have experienced new urban
development areas over the past decade. The vegetation trend analysis shows that a pronounced
vegetation reduction zone was located outside of the Fifth Ring Expressway to the Sixth Ring
Expressway, which reflects the vegetation reduction as a result of new urbanization. Based on
the specific conditions of each planning area, the land-use pattern of the functional core area of
the capital was finalized. In terms of vegetation, urban green spaces were constructed.
Vegetation changes are mainly characterized by increased coverage, and there was negligible
vegetation decrease. Similar results were also evident in the protected ecological conservation
areas, although this was attributable to a series of environmental protection policies. For
example, in Mentougou, the vegetation degradation caused by the expansion of residential areas
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and quarrying in the past has been reversed by ecological restoration projects and natural
processes, by which vegetation coverage is gradually improving. Urban expansion and new
urban development areas are accelerating urbanization while attaching importance to greening
construction. They adopt the dual characteristics of increased vegetation in some areas and
decreased vegetation in some areas.

Relationship Between NDVI and the Urban Heat Island Effect
The urban heat island effect describes how the temperature in the center of a city is greater
than in the surrounding areas, and the urban heat field distribution diagram depicts how the city
is like a high-temperature island (Zhang et al., 2006). As stated earlier, the urban heat island
effect is influenced by a variety of factors (Voogt & Oke, 2003); this analysis draws on previous
studies that demonstrated the effects of vegetation coverage on the urban heat island effect.
Numerous studies have demonstrated that the degree of vegetation coverage has a significant
negative correlation with temperature. This means that the lower the vegetation coverage, the
higher the temperature, and the more evident the urban heat island effect; the reverse is also true.
In this study, the vegetation coverage of the study area was low in the city center and high
around the city margins. We can safely assume that the temperature distribution was opposite to
the degree of vegetation coverage; the temperature in Beijing was higher in the city center and
lower in the periphery. The urban heat island effect should manifest as strong in the city center
and weak in the periphery. These patterns exist because the center of Beijing is an urban area,
with a high degree of urbanization, and there is good vegetation coverage in the suburbs, with a
few man-made landscapes and low intensity of urbanization. In addition, the temperature is
increasing, indicating that the urban heat island effect will be more serious in the future.
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Extensive efforts should therefore be made to increase vegetation cover in urban centers;
otherwise, the urban heat island effect could worsen.

Conclusions and Recommendations
This study uses Beijing as the research area to analyze the urban heat island effect
indirectly through spatio-temporal changes in vegetation cover. NDVI has been found to have an
important effect on relative temperature; this means that vegetation is closely related to the urban
heat island. As the capital of China, Beijing has experienced rapid urban expansion,
characterized by an outward concentric circle pattern, and its urban heat island effect is evident.
The research results show that from 1998 to 2018, the vegetation coverage in Beijing showed an
oscillating upward trend, and the ecological environment was improving overall. The peaks in
vegetation coverage were observed in 1998, 2001, 2004, 2006, 2008, 2012, and 2017, and
troughs in 2000, 2002, 2005, and 2010. Although vegetation coverage was fluctuating, it showed
an overall increasing trend. Therefore, it may be inferred that the urban heat island effect in
Beijing is generally weakening. The vegetation coverage in Beijing exhibited an increasing trend
from the inside-out (decreasing in the shape of concentric circles to the outside). It increases
rapidly near the central area and is gentle around the periphery of the city. The core area of the
concentric circles shows a decreasing trend, indicating that the urban heat island effect gradually
weakens from the inside out. The urban areas within the Third Ring Road were concentrated in
strong urban heat island areas, and the suburbs were weak urban heat island areas. Areas with
increased NDVI in Beijing were mainly divided into areas outside the Sixth Ring Road and
within the Third Ring Road. Outside Sixth Ring Road are suburbs with relatively few
constructions, increasing awareness of environmental protection, and increasing green spaces.
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The areas within the Third Ring Road were already under construction but with awareness of
environmental protection increasing, green spaces are intermittently added. The areas showing a
decreasing trend were mainly distributed between Third Ring Road and Sixth Ring Road, mainly
because from 1998–2018, this area was the rapidly expanding portion of Beijing.

Limitations
First, land-use patterns and natural factors such as temperature and precipitation influence the
MODIS data that were used in this study. Since annual temperature and precipitation are not
constant, there is some uncertainty as to the effects of urban expansion on vegetation. Second,
this study relies on findings of previous research that have demonstrated the relationship between
NDVI, vegetation coverage, temperature, and the urban heat island effect; however, actual tests
were not conducted to validate these findings.

Recommendations
Maintaining sustained economic development, protecting and restoring the local
environment, and reducing the urban heat island effect warrant attention from all parts of society.
The government should regulate the development and distribution of the economy. Moreover,
institutions engaged in environmental protection should increase their efforts to improve the
efficiency of ecological construction and restoration. In addition, relevant research institutions
should offer better technology and management measures to provide technical support for
regional ecological initiatives.
Urban development should avoid blind expansion and destruction of vegetation. It is
recommended that spatial planning methods are used to differentiate ideas for the construction of
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urban ecosystems as represented by vegetation coverage between different zones. The
urbanization within the Third Ring Road in Beijing was relatively early, the stock of urban
construction land is large, and the increase in new land uses is limited. Due to the earlier
development within the Third Ring Road, the area of land ownership and ecological space
resources differ significantly; this differentiation should be established based on specific land
conditions. A refined management mode will gradually achieve the goals of ecological
restoration and ecological compensation in urban built-up areas. This should be combined with
the “do not waste an inch of land, as much as possible to increase green space” plan issued by
Beijing in 2017, on useless land, combined with the scale of the plot, land-use types, and upperlevel planning to build an urban forest system with multiple functions. These functions may
include protecting the water bodies, parks, and green spaces in urban areas, coordinating the
interests of collective property owners, and the rigid delimitation of physical boundaries to
optimize urban space. The purpose of a planned layout and the protection of existing green space
and water bodies is to increase the potential and actual supply capacity of ecological services in
urban built-up areas and combine this with ecological conservation to establish a more complete
ecological service supply for Beijing.
The built-up region between Third and Sixth Ring Roads was relatively stable, which
provides opportunities for further construction of urban ecological space. This area should speed
up the construction of an urban forest landscape, optimize and improve the layout of the urban
leisure park, and strive to realize the goal that ‘residents travel 500 meters to see the green
space’. The areas outside the Sixth Ring Roads can combine millions acres of afforestation,
increase farmland and other ways to build a variety of large-scale green spaces, and thus
comprehensively enhance ecosystem services. To the north of Beijing is a mountainous area
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where there are opportunities to strengthen afforestation and forestry projects, planting trees and
grass to increase the area of forest land and transform exposed sand.
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